Dielectric loaded structures are promising candidates for use in the structure wakefield acceleration (SWFA) technique, for both the collinear wakefield and the two-beam acceleration (CWA and TBA respectively) approaches, due to their low fabrication cost, low rf losses, and the potential to withstand high gradient. A short pulse (≤20 ns) TBA program is under development at the Argonne Wakefield Accelerator (AWA) facility where dielectric loaded structures are being used for both the power extractor/transfer structure (PETS) and the accelerator. In this study, an X-band 11.7 GHz dielectric PETS was developed and tested at the AWA facility to demonstrate high power wakefield generation. The PETS was driven by a train of eight electron bunches separated by 769.2 ps (9 times of the X-band rf period) in order to achieve coherent wakefield superposition. A total train charge of 360 nC was passed through the PETS structure to generate ∼200 MW, ∼3 ns flat-top rf pulses without rf breakdown. A future experiment is being planned to increase the generated rf power to approximately ∼1 GW by optimizing the structure design and improving the drive beam quality.
I. INTRODUCTION
The Advanced Accelerator Concepts (AAC) field conducts long-term research for a future large-scale collider with substantially higher energy and significantly lower cost than those can be achieved with current accelerator technology [1, 2] . Over the last several decades four schemes have been intensely investigated. Two are laserdriven schemes: laser wakefield acceleration [3] [4] [5] and dielectric laser acceleration [6] [7] [8] ; and two are beam-driven schemes: plasma wakefield acceleration [9] [10] [11] and structure wakefield acceleration [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
In SWFA, a high charge drive beam traveling through a structure excites wakefields which are used to accelerate a low charge main beam, in either the same structure (collinear wakefield acceleration) or a parallel structure (two-beam acceleration) [2] . Based on current understanding, the TBA approach is favored over CWA for a linear collider for two reasons. First, the beam transportation is less challenging since the beamline lattices for the main beam and the drive beam can be separately optimized [2] ; and second, the independent accelerating/decelerating structures provide more flexibility for over-all machine optimization [21] . Currently, both the mature design of the Compact Linear Collider (CLIC) [27] and the AAC design of the Argonne Flexible Linear Collider (AFLC) [18, 21] are based on the TBA approach. The major difference between the two approaches is that AFLC is designed with a shorter rf pulse (20 ns vs. 230 ns in CLIC) with the expectation of achieving a higher accelerating gradient (270 MV/m vs. 100 MV/m in CLIC). This is based on the published evidence of the rf breakdown rate decreasing with pulse * jshao@anl.gov † Visiting Argonne from Tsinghua University in Beijing.
length [28] . After optimizing structure and beam parameters, the efficiency of AFLC with such short rf pulses is comparable to that of CLIC [18, 21] . In order to improve the gradient, efficiency, and cost of a TBA collider, various novel accelerating/decelerating structures have been studied: metallic two-halves structure [20, 29, 30] , dielectric-loaded structure (DLS) [12] [13] [14] [15] 19] , metameterial structure [26, 31, 32] , photonic band gap structure [33] [34] [35] , and many others [16, 23, 25, [36] [37] [38] [39] [40] [41] . Among them, the DLS is a very attractive candidate for a TBA collider due of its simple geometry, low fabrication cost, high group velocity with reasonable shunt impedance, and potential to withstand GV/m gradient.
DLSs were first used for particle acceleration in the late 1940s [42, 43] . Since then, steady progress has been made including an increased frequency range from GHz to THz [12-15, 19, 44] , comparable shunt impedance as the metallic disk-loaded structure by using low loss microwave ceramic materials [14, 21] , tunability with a second layer of nonlinear ferroelectric [15] , higher order modes (HOMs) damping with segmented conducting boundaries [45] , multipacting suppression by external magnetic field [46, 47] , and GV/m level gradient in rf breakdown tests [48] as well as CWA experiments [19] , etc. Despite this progress, high power rf pulse generation beyond 100 MW with drive bunch train excitation in the TBA approach was yet to be demonstrated for DLS. Previous results are limited to 30-50 MW due to the drive beam limitations as well as the immature design and fabrication methods of the DLSs [14, 21, 49] .
In this paper, we present the development of an X-band 11.7 GHz dielectric-loaded power extractor, including design optimization, simulation, fabrication, cold-test, and high power test. This work is an important step towards the realization of the short-pulse TBA-based future linear colliders. It provides useful experimental information on rf breakdown in the nanosecond regime. Moreover, the development method can also be applied to other power extractors in general. The paper is organized as follows: Sec. II presents the structure design and simulation; Sec. III introduces the structure fabrication and the cold-test; Sec. IV provides the high power test setup, the experimental results, and the data analysis; Sec. V presents the future study towards gigawatt rf power generation; and Sec. VI summarizes the study.
II. DESIGN AND SIMULATION
A power extractor/transfer structure consists of a decelerating structure and an rf coupler. In the decelerating structure, the drive beam transfers its energy via wakefields into the TM 01 mode of the structure. Depending on the group velocity of the mode, the radiation moves either forward or backward with respect to the drive beam [26] . An rf coupler then converts the TM 01 mode into the rectangular TE 10 mode which can be further transferred with rectangular waveguides into an accelerating structure to accelerate the main beam.
The dielectric PETS used in this study ( Fig. 1 ) consists of a cylindrical DLS (uniform section) for deceleration followed by a matching section and an rf coupler to transfer the power into a rectangular waveguide. Deceleration of the drive beam takes place in the uniform section of the DLS (Fig. 1b) where the beam-structure interaction is strongest. Matching sections are located at both ends of the uniform section (Fig. 1c) for impedance matching between the uniform section and the rf coupler. Note that, in general, the DLS can be designed in various forms, such as a uniform tube with constant impedance [14, 49] , a segmented tube with different impedance sections [50] , etc. In this section, the detailed design and simulation of the uniform section, the matching section, and the coupler will be presented respectively.
A. Uniform section
The design of the uniform section determines the strength and the duration of the generated rf power under certain drive beam conditions. In the design phase, the geometry is optimized based on various considerations including the required rf power level and pulse length, drive beam transportation, realistic dielectric material, and fabrication restrictions [14, 21] . The design procedure can be divided into two parts: electromagnetic properties of the structure and rf pulse properties. The assumptions used in the derivation in this section are listed as follows. 1) Only the cylindrical TM 01 mode is taken into consideration for simplicity.
2) The electron beam is ultrarelativistic.
3) The longitudinal bunch profile has a Gaussian distribution.
From the preceding equations, the dispersion relation can be derived as
The phase velocity of the cylindrical TM 01 mode v p = ω 0 /β should be equal to the beam velocity for synchronization. This is accomplished by solving Eqn. 1 and Eqn. 4 for b given a set of a, r , and ω 0 .
Once b is solved, the variation of β as a function of ω 0 can be derived from Eqn. 1 and Eqn. 4 so as to calculate the group velocity v g ≡ β g c = dω 0 /dβ.
After considering a realistic copper boundary with rf losses, the stored energy U , the power loss on the outer copper wall P wall , and the power loss in the dielectric P diel can be calculated as
where S denotes the surface between copper and dielectric; V 1 and V 2 denote the volume of the vacuum and the dielectric respectively; σ is the conductivity of copper; δ = 2/(ωµσ) is the skin depth; and tan(δ d ) is the loss tangent of the dielectric material. Therefore, the quality factor Q and the shunt impedance per unit length r of the uniform section are given by,
where L st is the length of the uniform section. Three low loss dielectric materials with tan(δ d ) = 1 × 10 −4 were considered for the design: quartz ( r =3.75), alumina ( r =9.8), and MTO (MgTiO 3 -Mg 2 TiO 4 , r =16) [51] . When the power extractor operates at 11.7 GHz and is synchronized to an ultrarelativistic drive beam, the electromagnetic properties as a function of the inner radius have been numerically calculated, as illustrated in Fig 2. 2. RF Power generated by the beam-driven DLS
In this subsection, we first derive the rf parameters due to a single (subscript 's') drive bunch and then the rf parameters due to multiple (subscript 'm') drive bunches (i.e. a drive bunch train) . When an ultrarelativistic drive bunch passes through the uniform section of the DLS (v g > 0), the leading edge of its wakefield packet travels together with the bunch while the trailing edge moves forward at the group velocity [14, 21] . Therefore, the rf pulse length of the generated wakefield packet at the end of the DLS is given by
The longitudinal electric field of the generated wakefield at the end of the DLS, including structure attenuation, is (0 ≤ t ≤ τ )
where Q b is the charge; Φ = exp[−(ω 0 σ z /c) 2 /2] is the form factor; σ z is the root-mean-square (rms) bunch length; κ l = (ω 0 /4)(r/Q)[1/(1 − β g )] is the loss factor per unit length [52] ; α = ω 0 /(2Qv g ) is the attenuation factor of the structure; and H is the Heaviside step function. The time, t=0, is set when the drive beam reaches the exit of the uniform section.
The spectrum of the generated wakefield, given by the Fourier transform of Eqn. 8 after ignoring structure attenuation, is
where D is a constant. The average energy loss of the bunch, by integrating the experienced field over the entire structure, is
The generated rf power at end the end of the DLS, following the general relation of P = E 2 v g /(ωr/Q) in traveling-wave structures, can be expressed as
When a multi-bunch train of N bunches separated by T b passes through the uniform section, the rf fields from each bunch superpose to give
where E s,k is the longitudinal electric field excited by the kth bunch.
In this case, the spectrum of the generated wakefield, given by the Fourier transform of Eqn. 12 after ignoring structure attenuation, is
where F s,k is the spectrum excited by the kth bunch.
The average energy loss of the kth bunch in the train, by integrating its experienced field over the entire structure, is
Due the finite length of the rf pulse excited by a single bunch, E m reaches its maximum value after a rise time due to N rise = τ /T b − 1 bunches. For the rf pulse excited by N bunches, the rise time t rise , the flat-top duration t f lat , and the fall time t f all can be expressed as
When the drive bunches are spaced at integer wavelengths, T b = 2πn/ω 0 , the E s,k add coherently to yield the maximum possible amplitude of the multi-bunch field
The average field amplitude of the flat-top can be expressed as
Therefore, the average power of the flat-top, following
For a given set of T b , N , Q b , and σ z , P f lat can be increased by using longer structures at the expense of a shorter rf flat-top t f lat , as illustrated in Fig 3. Therefore, a long uniform section is chosen in this study in order to maximize the rf power level. Its length is fixed at 26 cm which is the practical limit of the current fabrication technology for a single dielectric tube. This length of dielectric tube restricts the wall thickness to be greater than 1.5 mm in order to prevent it from cracking during fabrication. This restriction is indicated as the shaded region in Fig. 2(a) . 
Calculated square root of the output power using the structure parameters listed in Table I but with various lengths. In the calculation, T b =769.2 ps, Q b =1 nC, and σz=1.5 mm.
Given the fixed uniform section length of 26 cm, t f lat and P f lat of the structures illustrated in Fig. 2 can be numerically calculated based on the actual drive bunch parameters available at the Argonne Wakefield Accelerator facility: T b =769.2 ps (1.3 GHz or the 9th subharmonic of the X-band frequency), N =8, and Q b ≤60 nC [53] . Figure 4 illustrates the results for Q b =30 nC and σ z = 1.5 mm which are typical for routine operation. The design goals are to have a flat-top duration greater than 2 ns and an average power greater than 100 MW. The shaded regions indicate where the design goals are satisfied. Accounting for both the electromagnetic and rf generation properties ( Fig. 2 and Fig. 4 , respectively) of the DLS, we can now find the values of inner radius and materials that satisfy our design goals. These are found to be: a ≤6.3 mm for quartz; 6.2 mm≤ a ≤7.9 mm for alumina; and no proper a for MTO. Given the difficulty of transmitting a high charge drive bunch train through the DLS, a larger inner radius is preferred. Therefore, alumina has been chosen with a set to 7.50 mm. The detailed parameters of the uniform section used in this study are listed in Table I . An rf coupler is installed at the end of the uniform section to convert the TM 01 mode of the circular DLS into the TE 10 mode of the rectangular WR-90 waveguide. In previous studies of dielectric PETS, the rf output coupler was customized and could not be re-used for other structures [14, 49] . To simplify the design and to reduce the cost, a broad-band dual-feed coupler has been modified from the 11.424 GHz version broadly used in X-band metallic structure high gradient researches [54, 55] .
A dielectric matching section is used in order to match the impedance between the uniform dielectric section (inner diameter of 15.0 mm) and the rf coupler (vacuum pipe diameter of 22.7 mm) as illustrated in Fig. 1(c) . An adiabatic matching section, with a gradual dielectric taper, is used to achieve a wide band width for short rf pulses. The optimal results were achieved by adjusting the length and angle of the dielectric tapered section, as illustrated in Fig. 5 (simulation with CST Microwave Studio [56] ). The results have also been verified with the ACE3P code [57] . For the entire structure, including the coupler, we achieved S 21 at 11.7 GHz of -0.7 dB with 3 dB bandwidth of over 1 GHz. The peaks separated by ∼90 MHz in the S 11 curve are caused by the matching section design. The total length of the DLS plus the matching sections at both ends is 30 cm. The length of the entire structure including the rf coupler is 42 cm.
The rf output from the dielectric PETS, shown at the coupler port (Fig. 1, port 2b ) when driven by a single bunch, is shown in Fig. 6 (simulation with CST Particle 11. 4 11.5 11.6 11.7 11.8 11. 9 12 f (GHz) Studio, wakefield module [56] ). The length and amplitude are in good agreement with the analytic estimates based on Eqn. 7 and Eqn. 11 which only take the uniform section into consideration. In the CST simulation, the rising time is caused by the finite bandwidth of the structure and the falling time is a result of the bandwidth as well as the transient process of the wakefield entering the downstream vacuum pipe [58] . Finally, the non-ideal flatness is due to a small reflection arising from a slight impedance mismatch between the uniform section and the rf coupler. When driven by a multi-bunch train separated by 769.2 ps (T b = 2π/ω 0 × 9), the port signal is coherently enhanced, as illustrated in Fig. 7 . The flat-top of the rf pulse is reached at the 5th drive bunch and has a duration of ∼3 ns. The average field amplitude and rf power of the flat-top driven by the 8-bunch train are 4.6 and 21.4 times of those driven by a single bunch. The full widths at half maximum (FWHM) of the frequency spectrum driven by a single bunch, a 2-bunch train, a 4-bunch train, and an 8-bunch train are 0.34 GHz, 0.32 GHz, 0.27 GHz, and 0.18 GHz respectively; all of which are in good agreement with those calculated by Eqn. 13. 
III. FABRICATION AND COLD-TEST

A. Fabrication
The mechanical layout of the X-band dielectric-loaded power extractor is shown in Fig. 8 .
The dielectric tube with a metallic coating is fabricated as follows. The dielectric tube, including the uniform and tapered section, was sintered as a single piece with a surface roughness of ∼100 nm by grinding. The metallic boundary consists of 3 layers. A chromium buffer layer of ∼10 nm was first sputtered onto the dielectric's outer surface followed by a ∼100 nm thin copper layer sputtered onto the chromium and finally a thick copper layer of ∼75 µm was electroplated onto the thin copper layer, as illustrated in Fig. 8(a) . In the theoretical calculation and the CST simulation, the chromium layer is not taken into consideration.
The entire power extractor/transfer structure is assembled as follows. 1) The output coupler and a center flange are connected. The electrical contact and the vacuum seal are ensured by a high power rf gasket in between.
2) This assembly and a copper jacket [59] coated dielectric tube is inserted into the chamber until it comes to a stop against the high power rf gasket. Details of the contact between the tube and the rf gasket are illustrated in Fig. 8(b) . 6) The tube is held firmly against the rf gasket by a tube holder that screwed onto the absorber holder. The electrical contact between the tube and the tube holder is ensured by tight tolerance and a small step machined on the tube holder, as details illustrated in Fig. 8(c) .
It should be noted that, during this experiment, the rf absorbers are only used to mechanically support the dielectric tube but they will be used to damp high order modes in future studies. In addition, no cooling is needed since the average output power is on the order of a watt due to the low machine repetition rate (2 Hz) used during the experiment.
B. Cold-test
A mode launcher, as illustrated in Fig. 9 , was developed for the cold-test since while the structure has an rf coupler at one end, it is open at the other. The launcher converts the TEM mode in the rf cable into the cylindrical TM 01 mode of the dielectric PETS.
The assembly procedure of the mode launcher is as follows. 1) A 50 Ω rigid coaxial rf cable is inserted into a plug that fits tightly against the tapered dielectric section. The electrical contact between the cable and the plug is ensured by tight tolerance. 2) A disk with a small offset hole is welded onto the inner conductor of the rf cable. 3) A nylon wire used for the bead-pull (blue line in Fig. 9 ) is first passed through the hole in the disk and then through one in the plug. 4) The metallic bead is made by tightly wrapping a short piece of metallic tape (∼1 mm long, not shown) onto the nylon wire. Note that bead is slightly off-axis inside the dielectric tube due to the offset hole in the disk. However, the influence of this small offset (0.8 mm) during the bead-pull measurement is negligible according to the CST Microwave Studio simulation. The insertion of the mode launcher into the dielectric-loaded power extractor assembly.
S-parameter
A N5230C network analyzer was used for the cold-test measurements with port 1 connected to the SMA connector of the mode launcher (Port 1 in Fig. 9 ) and port 2 connected to the waveguide output port of the rf coupler (Port 2b in Fig. 1 ) through a commercial SMA-to-WR90 adapter. The complete setup, including the fully assembled dielectric PETS and the mode launcher, was simulated with CST Microwave Studio. The simulated values of S 21 and S 11 at 11.7 GHz are -1.0 dB and -21.3 dB respectively, showing good power coupling and transmission.
The cold-test measurements are in reasonable agreement with the simulation as indicated by the dashed lines in Fig. 10 . The cold-test values of S 21 and S 11 at 11.7 GHz are -2.3 dB and -13.6 dB respectively which are slightly worse than the expected values from the simulation. The low cold-test transmission (2.3-1.0=1.3 dB) can be caused by several factors including: higher rf loss of the structure due to the thin buffer layer of chromium with low conductivity (7.9×10 6 S/m compared to 5.8×10 7 S/m of copper), rf losses in the SMA connector of the mode launcher and the SMA-to-WR90 adapter which could not be calibrated, and imperfect electrical contact between the mode launcher and the tube due to machining tolerance. Comparison of S-parameters from the cold-test measurements and CST simulations of the dielectric-loaded power extractor with the mode launcher.
Field distribution
The on-axis electric field was measured by the beadpull method [60] and is given by the solid blue line in Fig. 11 . It is in reasonable agreement with the CST Microwave Studio simulation results (solid red lines in Fig. 11 ).
The structure attenuation was calculated from the field amplitude distribution for both the bead-pull measurement and the CST simulation. The field amplitude in the uniform section follows
from which the total rf loss of the uniform section is given by 20 log 10 [exp(−αL s )]. The oscillation of the field amplitude in the uniform section is caused by the imperfect impedance matching and appears in both the bead-pull measurement and the CST simulation. To calculate α, the field oscillation is ignored and the field is approximated by a linear fit. In Fig. 11(a) , the linear fits to the CST Microwave Studio simulation results and the cold-test results are presented by the green line and the black line, respectively. For the green line, the fitted α of 0.18 m −1 agrees well with the nominal value calculated using the parameters listed in Table. I. The corresponding structure loss is -0.4 dB. For the black line, the fitted α of 0.67 m ∼12% reduction of the generated rf power compared to the theoretical calculation and the CST Microwave Studio simulation. According to Eqn. 8 and Eqn. 12, there is no major change to the rf pulse shape caused by the higher loss. The phase velocity was calculated from the phase distribution for both the bead-pull measurement and the CST simulation. The measured phase of the on-axis electric field follows φ(z) = φ 0 − βz. Therefore, the propagation constant and the phase velocity follow
where f is the driving frequency in the bead-pull measurement.
Synchronization frequency
The dispersion curve of the structure was obtained by measuring the phase distribution at various frequencies, as illustrated in Fig. 12 . The intersection of the dispersion curve (blue) and the line representing the speed of the light (red) indicates v p = c when the beam is continuously decelerated via Cherenkov radiation and generates wakefield at the corresponding frequency. The measurement results agree well with the theoretical calculation of the uniform section by Eqn. 1 and Eqn. 4 , showing the wakefield frequency is ∼11.69 GHz close to the design value of 11.7 GHz. To coherently enhance the wakefield from a multibunch train generated by the AWA 1.3 GHz rf linac, the interval between each bunch should be 1/11.69 × 9=769.9 ps which is 0.7 ps longer than the nominal value. The small offset can be compensated for by launching the bunches in the photocathode rf gun every 360.3
• instead of every 360
• . The accumulated launching phase difference for the 8-bunch train is ∼2
• which doesn't influence the beam transportation.
IV. HIGH POWER TEST
A. Experimental setup
The experimental setup used at the AWA facility is illustrated in Fig. 13 . The input laser for the photocathode gun is produced by a Ti:Sapphire laser system and a third harmonic converter to produce a linearly polarized UV (248 nm) pulse with an variable FWHM pulse length of 1.5-10 ps and an energy up to 10 mJ amplified by a KrF excimer [53] . A UV multi-splitter consisting of four beamsplitters and three delay lines [61] is used to generate an 8-bunch laser pulse train with λ interval. The length of the three delay lines is λ, 2λ, and 4λ respectively. The value of λ is first coarsely set to the 1.3 GHz wavelength (230.6 mm) so that the bunches are launched in every rf bucket of the L-band gun. To fine tune the beam launching phase, the laser pulse interval can be remotely adjusted by moving the position of the mirrors mounted on delay lines. Individual pulses, and certain pulse combinations can be achieved by the removable laser blockers. The transmission/reflection of the splitters is nominally 50/50 (±2) percent but also depends on the polarization angle which can be adjusted by a laser polarizer before the multi-splitter. After optimization, the charge balance of the 8-bunch train reached 1.00, 0.95, 1.00, 0.94, 0.91, 0.92, 0.92, and 0.85 in this study. The total charge can be adjusted by a laser attenuator mounted at the entrance of the multi-splitter stage. The electron beam was produced by the AWA's Lband 1.6-cell rf photocathode gun with a cathode gradient of 62 MV/m and a launching phase of 50
• [62, 63] . The cesium telluride cathode has a high quantum efficiency of ∼10% which could achieve a maximum charge of ∼600 nC [64] per pulse train. The transverse laser spot size was set to ∼22 mm in order to mitigate the space charge effect so that the electron bunch length can stay short. After the rf gun and the six 7-cell π-mode L-band standing wave accelerating cavities [65] , the beam was accelerated to 65 MeV, focused by the quadrupoles, and passed through the dielectric-loaded power extractor.
The main diagnostics used during the experiment included two integrating current transformers (ICT) [66] located before and after the structure to measure the charge as well as an rf pickup antenna [67] installed at the output waveguide to measure the generated rf power. The signals were recorded by a 4-channel oscilloscope with a 50 GS/s sampling rate and a 20 GHz bandwidth.
B. Experimental results
Fine tuning of the delay stages
The launching phases of the bunches were fine tuned using a low charge multi-bunch train by adjusting the delay stages to maximize the generated rf power. Figure 14 shows an example of tuning the first delay stage using the first two bunches. By ignoring the delay of one L-band period and assuming the same charge, the rf field excited by the two bunches can be expressed as E 1 (t) = E cos(ωt) and E 2 (t) = E cos(ωt + θ), where E is the field amplitude and θ is the relative phase difference. The super-posited field amplitude is therefore equal to E 12 = E × 2 cos( θ/2). When moving the delay stage to change θ, the experimental results agree very well with the CST Particle studio simulation in which E 2 is duplicated from E 1 with a phase shift. Using the same method, the second and the third delay stages can • in L-band or 9
• in X-band.
High power generation
The duration and the power level of the generated rf pulses were gradually increased by increasing the number and the charge of bunches in the drive train after setting the delay stages. This process is similar to rf conditioning in externally rf-driven metallic high-gradient structures where the power is increased to raise the gradient [68, 69] . The single bunch (bunch No.1), the 2-bunch train (bunch No.1-2), the 4-bunch train (bunch No.1-4), and the 8-bunch train (bunch No.1-8) were applied successively to increase the flat-top duration. With each bunch train configuration, the charge was slowly increased from zero to the maximum value (50 nC for the single bunch, 100 nC for the 2-bunch train, 195 nC for the 4-bunch train, and 360 nC for the 8-bunch train) to increase the power level, as illustrated in Fig. 15 . The solenoids along the beamline (not shown in Fig. 13 ) and the quadrupoles were adjusted to ensure ∼100% charge transmission through the structure.
When driven by the 8-bunch train, with a total charge of 360 nC, the structure successfully generated ∼200 MW, ∼3 ns flat-top rf pulses. The corresponding wakefield gradient derived by Eqn. 18 was ∼32 MV/m. The maximum U loss of the bunches was less than 6 MeV according to Eqn. 14.
rf breakdown can lead to an abrupt power drop within the transmitted/generated rf pulses [68, 69] but this was not observed during the experiment. Figure. 16 illustrates the comparison between the simulated rf pulse shapes and the measured ones with the highest charge. The good agreement indicates that there was no structure damage during the measurement. 
C. Data analysis
Beam dynamics simulations with the General Particle Tracer (GPT) code [70] were conducted to understand the discrepancy between the measured rf power and the predicted value when pushing the power. The rms bunch length was simulated from the cathode to the power extractor entrance with similar beam conditions and beamline settings as those in the experiment. The space charge as well as the reduced field in the rf gun/linacs due to the beam loading effect [65] were taken into consideration.
Single bunch
The derived E f lat from the single bunch measurement is linearly proportional to the charge in the regime where the charge is less than 20 nC, as illustrated in Fig. 15(b) . Therefore, the form factor can be fitted to be 0.96 from Eqn. 17 and Eqn. 8. The corresponding rms bunch length In the prediction, the form factor is fixed at 0.96; the quality factor of the uniform section is set to 950 according to the cold-test results; and the realistic charge balance is used. is 1.2 mm, which agrees well with the GPT simulated value of 1.1 mm. The discrepancy of E f lat between the measurement and the prediction with increasing charge is suspected to be caused by a decrease of the form factor. This is a result from a longer bunch length due to space charge forces and beam loading effects. The form factor obtained from a fit of the high charge data is ∼7 % lower which corresponds to an rms bunch length of 2.0 mm; in reasonable agreement with the GPT simulated value of 1.6 mm. The difference might be caused by the non-Gaussian distribution of the drive beam longitudinal profile in experiment.
Bunch train
The aforementioned form factor of 0.96 is used to calculate the generated rf power when driven by multibunch trains. The measurement results show good agreement with the predictions with low charges (≤20 nC per bunch), as illustrated in Fig. 15(c-h) .
The deviation between the measurement results and the theoretical predictions observed at high charges is similar to the single bunch case. With the highest charge of the 8-bunch train, the measured rf power is ∼70 % of the prediction. It's worth mentioning that the percentage is close to that reported with an X-band metallic power extractor tested at AWA under similar beam conditions [24] . Therefore, the low power generation is more likely caused by factors other than the structure itself. The rms bunch length of the last bunch is simulated to be 1.9 mm, slightly longer than the first one due to the beam loading effect in the rf gun and linacs. The average bunch length of the 8-bunch train is ∼1.7 mm, which leads to a form factor of 0.91 and a power reduction of 10 %. If we also consider non-ideal delay stages tuning (9 • in X-band between adjacent bunches), the generated power could be reduced by another 12 % due to imperfect wakefield coherent superposition. These two factors could lead to a maximum of ∼21 % lower generated power at high charge. The remaining difference between the analysis and the experimental result might be caused by non-Gaussian longitudinal distribution, multipacting of the rf pickup [67] , and other unknown factors. A detailed study of the time structure of the drive bunches was not performed in this experiment but will be investigated in the future.
V. FUTURE STUDY
In this section we present the design study of a future dielectric-loaded power extractor in order to maximize the generated rf power beyond the 200 MW level achieved in this study. This is done by optimizing the design of the dielectric-loaded power extractor while assuming similar beam parameters to the ones that have been achieved in this study. The drive beam is assumed to contain an 8-bunch train with σ z of 1.2 mm, T b of 769.2 ps, Q b of 50 nC, and prefect charge balance. This represents a total drive train charge of 400 nC which is below the 600 nC level previously demonstrated at AWA [64] . L st and v g are fixed at 26 cm and 0.184 c respectively so that N rise = 4 and t f lat =3.1 ns. The frequency choice of the future structure is considered for L-band harmonics starting from C-band (7.8 GHz) to Ka-band (32.5 GHz). In addition, several inner radii are used for each structure design. For each combination of ω 0 , v g , and a, r is calculated from Eqn. 1 and Eqn. 4, with the upper limit set to 20 for the ease to obtain low rf loss dielectric materials.
The optimization results of the uniform section are shown in Fig. 17 . The maximum achievable rf power increases when reducing the inner radius and the corresponding operation frequency shifts to higher values. When a ≤4 mm, gigawatt level can be obtained around 20 GHz. In this regime, the dielectric-loaded power extractors are feasible in fabrication: the required low rf loss dielectric materials are commercially available, such as Forsterite ( r =6.64) [21] and alumina; and the wall thickness is ∼1.5 mm. The structures are also physically achievable: the corresponding gradient is well below the GV/m level reported in previous rf breakdown tests [48] and CWA experiments [19] ; and the maximum U loss of the bunches is ∼1/3 of the AWA beam energy. The detailed parameters of an possible design are provided in Table II. The major challenge in using this future structure will be the transmission of the high charge drive beam through the structure. Increasing transmission requires several efforts: improve the beam quality via low emittance and short bunch length [71] , implement beam breakup control [72] , add HOMs damping [59] , etc.
The other challenges include design of rf couplers and loads for gigawatt power level, improvement in the coating technology to reduce structure loss, rf breakdown and multipacting study for HOM damped structures, time structure characterization of the bunch train, etc. The dielectric-loaded structure is a promising candidate, as both the power extractor and the accelerator, for the short-pulse two-beam acceleration scheme having the advantage of simple geometry, low fabrication cost, high group velocity with reasonable shunt impedance, and the potential to withstand GV/m gradient. In order to demonstrate rf power generation beyond 100 MW, an X-band 11.7 GHz dielectric-loaded power extractor has been developed and tested at the Argonne Wakefield Accelerator facility. The detailed development process including design, simulation, fabrication, cold-test, and high power test, are presented. Driven by 8-bunch trains with a total charge of 360 nC, the structure successfully generated ∼200 MW, ∼3 ns flat-top rf pulses without rf breakdown. Plans for a future structure optimization shows that gigawatt power level is feasible at the AWA facility by using higher frequency structures with smaller apertures. The work benefits the research of power extractors in the SWFA scheme.
